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INTRODUCTION

The period covered by this report is September 1, 1963 to November 30,
1963, and it will describe the work done in modifying the two NASA Atomic Hydro- - -
gen Masers and the data subsequently taken.

TECHNICAL REPORT

Task A - Conduct a measurement program for long and short term stability
using three hydrogen masers.

Data so far has been taken between two masers located within the same
lab environment. A set of measurements has been taken against a third device
located about 50 feet away in a different room. The third device has been con-
structed somewhat differently from the other two in that the thermal compensa-
tion of the cavity has been improved as well as its thermal enclosure. Temperature
control can be maintained to about + 0.01°C at the inner oven and the cavity is
better isolated within the isothermal enclosure making the effect of temperature
gradients less important. The NASA devices using chopper -stabilized controllers
have maintained about + 0.02°C and are sensitive to the level of the r.f. leakage
from the dissociator discharge. Beati measuremenis between these two dis-
similar devices have shown that variations ir beat frequency correlated directly
with the bell jar of the No.1 NASA maser. Larger iemperature excursions were
imposed on this bell jar and the effect was greater. Since both the devices under
investigation for NASA were built as identical to each cther as possible, there

is very little doubt that the thermal responses were correlated.

In an effort to reduct the thermal problems, the temperature of the room
housing the masers was controlled to +2°F. A run was made of the frequency

excursions and is shown in Figure 1.

Control of the cavity resonance frequercy is vital for good short term
stability and the solution to this problem can be obtained in two ways, by better

thermal compensation and by better temperature coutrol.
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Tt is of interest t0 review the expected thermal preperties of the solid df -
electric cavity that is now under construction. The resonant frequency for a

solid sphere is given by

4,50 . . .
Ve 27 /';‘—e a' is spherical radius
f-— - v keEm
pe = ——EF——
ke is dielectric constant
kyy is permeability = 1
C is velocity of light in vacuum
OVe _  a and this will be taken for the cavity having
Ve a a concentric dielectric discontinuity
dVe .. OJa
—L = - — 3T
Ve oT
For fused silica ( Corning 7940) aaTa = 5,6x10"7a
3 Vo -
= -5,6x 1077 3T
Ve
or 3V = 8ecps for 3T =1072%C.

The effect of cavity puliing is given by

= Qc
AV - Qz A\)T

The cavity Q expected from this new cavity is about 10*. Previously, the
cavities have had Q's of 5 to 6 x 10*, Lowering the cavity Q requires a larger
threshold flux for oscillation or a shorter storage constant as seer in the equa-

tion given below,
.2
- DhVy_
th T B Qn

where h is Planck's constant

V is the cavity volume

Y is the storage constant
H, is the Bohr magneton

n is the ratio of the square of the
r.f. magnetic field in the storage

volume to that in the whole cavity.




The parameier n wiil be readily caiculabie as the fields in the spherical
cavity can be analyzed exactly. Formerly the problem of the dielectric loading
of a spherical quartz bulb in a cylindrical cavity led to difficulties in calculating
the fields.

The total pulling for a 102 °C change in temperature, assuming a line Q
of 10%, is 5x 107¥,

Task A is now complete.

Task B -~ Conduct measurements to determire the precision to which a given

pair of masers can be reset with respect to frequency.

The modifications described in the repcrt for the interval June 1, 1963

to August 31, 1963 have enabled us to measure the resetiability and the validity
. of the technique of tuning via the spin exchange line Q modulation. During this
period work by P. L. Bender® indicated that a shift in frequency will occur due
to spin exchange collisions. Later calculations made by Stuart B. Crampton® et
al. showed that this effect occurred with the same functional relatioaship as the
éavity pulling and, in fact, by tuning the maser using the beam modulation tech-
nique the cavity is automatically set so as to pull the osciilation frequency back
to the unperturbed maser frequency. The reason for this cancellation is that
the shift in frequency is propostional to the lire broadering as shown in the
attached copy of an article submitted to Physical Review Letiers.

The resettability has been fournd to be accurate to 2.1 parts in 10?)3 using
this technique. Fundamental limitations of this method are due to roise in the
" receiver. A further, practical limitation has existed in the reproducibility of

the tuner setting. This is easily overcome by using a finer tuning rate.

Task B is complete. Further measurements will be made when opportunities
occur to make them; however, no significant changes are expected until the noise

problem is overcome.

! Private communication, later published in Phys.Rev.132, 2154 (Dec. 1963).
2 Phys.Rev. Letters 11 (October 1963),
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Task C, thac of making shori term measuremeiiis, is sow underway and
the advantages of the Electron Beam Parametric Amplifiers, on loan from NASA,
will undoubtedly improve the data obtained i1 Task B. However, this improve ment
is not likely to exceed a factor of five.

Task C - Conduct measurements to determine very shori term relative stability.
Very short term is defired as 0,01 seconds or less: approximately
- 3 morths to complete after the approval of Task B.

The equipment for these measurements has been ordered from various
electronic equipment suppliers. The system to be tried first is a balanced
double hetrodyned system employing a common pump oscillator for the electron
beam parametric amplifiers, a common local oscillaior for the mixer, and a
common 30 mc/sec. second hetrodyne o bring the spectrum to low frequency.
The two low frequency outputs will be compared in phase by various techniques.
The first will be a cross-correlation method emplcying an analog multiplier
and integrator.

Task D - Measure the ratio of cesium to hydrogen frequencies of hyperfine

separation; approximately 2 months to complete after approval

of Task C.

Task D has already been discussed in a previous quarteriy rerort. It is

- complete, having been accomplished iz a manner different and better than
anticipated. Further measurements of this will be made from %ime toc time.
It is not iikely that any significant differerce in precision will resuit s the
Cesium frequency as given in the A.1 ti-xhe scale is rnot reproducible o better
than 1 in 10,

Task E - Compare the {wo NASA masers with those &t Harvard, approximately
one mozth to compleie after approval of Task D.

There are two methods by which this can be accomplished. Originally, the
method proposed was in physically transporting the masers to the Lyman Labs
at Harvard and doing the comparison there. A further method has come to light
due to the Loran "C'" technique and concurrent measuremernts via Loran are
planned with Harvard and possibly the USASRDL at Ft. Mommcuth, N.J. These
comparisons will show the reproducibility of the frequercy from masers of very

. dissimilar origins.
-4 -




STATUS OF IMPROVEMENTS TO THE MASERS

1. Solid Dielectric Cavity

The blanks have been obtained and have been sent to Engelhard for grinding.
These should be ready early in January 1964.

2. Solid state R.F. Power Supply for the Discharge Tube

A crystal controlled supply has been built and delivers eight watts at 97 mec/sec;
. this design will be optimized to deliver about ten watts. A single stage uncontrolled
oscillator at about 100 mc/sec is under consiruction and should deliver ten watts.
This last unit could be mounted within the recess at the discharge tube and directly
excite the Hydrogen discharge without a coupling cable. Excellent r.f. shielding

is obtainable with their design.

3. Thermal Control

The stability of d.c. stabilized circuits using balanced matched transistors
-has been demonstrated as feasible and these circuits will be used in place of the
three chopper stabilized equipments now in use to control inner, outer oven ard
neck gradients. Parts have been obtained and the circuit assembly has begun.
The resistance heater windings will have to be changed and it is suggested that
certain aspects of the design affecting the cavity compensation and thermal isola-
tion within the bell jar also be modified.




"+ TUNING OF THE HYDROGEN MASER* '
‘."-,_ # ‘x- J. Vanier R.F. C-v Vessot : :
Varian Associates

Bomac Division § e
Beverly, Masa., g . e

The cavity of the hydrogen maser® is tuned by measuring the output

frequency of the maser against the hydrogen pressure. The expression, o
; : generally quoted in the literature, relating the Aoutput frequency, the .- '

cavity btuning and the atomic resonance line width Av ,, is

V=V = 9 ‘(vc - H).AVL' ' L .  .-'.:_,.:,:;(1)

Y

S where v i8 t_he observed frequenc);, YU the atomic resonance'frequenoy._"' o
."' Ve the cavity re.sonance frequency and Q the quality factor of the cavity. - o
L . The atomic res:)nan‘ce line width is pressure dependent through the ex-

b change collision relaxation process and the maser is assumed to be tuned

" * if the output frequency stays constant as the hydrogen pressure is varied.

Bender’, however, has calculated that exchange collisions in an atomic -

'A  hydrogen gas cause a small frequenéy shift of the order of one fifth of the :
" exchange line width. Crampton, Kleppner and Ramsey® plointed out that the - -

effect disappéars in an oscillating maser owing to the fact that the exchange e

" same fashion as lthe cavity pulling". When the preésure shift is takeﬁ into .

B account, expression 1 is written,

L Pyey —a® v ]
- P - v ok _¢ |,
..(v. »VH,) n y ‘Q 0.29 .,_,Av‘

Q"M V.

collisions frequency shift "depends uj:on the atomic resonance width in the . '_ S

@




‘the resonance frequency of the cavity is -~ ' o " ‘

equal to Vv

E . 1012 evaluated from 165 measurements.

. . pressures.. .. .

where v i8 the mean velocity of the atoms in the maser storage bulb

ie the radius of the first Bohr orbit, ir is' Planck’'s constant over e

¢

e

e o o v va ®ir BRI R
Ly = a4 0,20 =2 0 %

»

.' . 'the output frequency is independent of the hydrogen pressure and i -

r

H’

A careful experiment has been done to verify these effects . Two

L “masers described in a previous paper (Vessot and Peters*) were used

in the experiment. One of them was used as a comparison standard and
operated at a magnetic field slightly higher than the other. The two masers
: ‘were allowed to beat together and the time for ten beats was counted ‘and

- recorded using a dig-ital analog device. A typical period for 10 beats was .

5. 060 seconds of which the last two digits were recorded. The standard _

The experiment was done by varying the hydrogen pressure at various

) : * cavity frequency settings. Hydrogen beam flux was controlled by varymg
' the temperature of the palladium purifier. The beam source pressure,
" measured with a Pirani gauge, and the period for ten beats were recorded

- .. simultaneously. The results are shown on Figure 4 for four different source

EERREN

- _21!, i, the Bohr magneton, V  is the volume of the cavity, V. 1 the L
" volume of the storage bulb and 1 is the ratio of the average energy ':.‘ ‘ |

o density in the bulb to the average energy density in the cavity. When ‘,:’.ﬂ' i ,\ _

@

o ) deviation for each maser over 5 second counting periods was 2.5 parts in




PRI 'I;-'(Figure_ ) - L. . (Figure 2) : 3 v

- : P S,

o

';.}:' This data was analysed by the method of least 's;quares givir;g thé equation .
A . of the four straight lines and it was found that the sprgad at the crossing .
T _ _of the various pressure curves did not exceed 0, 0003 c p.8. or 2 1 parts | |
A ' in 10%, 1t is concludeﬁ that even considering the presence of pressure‘. Er
s " shifts, the hydrogen maser can be tuned with the technique previously used o
‘:--t and déscribed above. When the vaiues of constants for a typical maser are’ ) ,
L used in expression (3) it is found that the maser should be tuned with the L
. cavity resonance frequency set approximately 80 c.p. 8. h1gher than the
maser output; a measurement of the cavity resonance frequency would thus )
provide a verification of equation (3). Techniques are presently being - |
. sought to perﬁ)it the absolute determination of the cavity resonance frequéncj .

. . to ab sufficiently high accuracy for this measurement.

Two masers were tufxed by the method déscribed above. Their fre-

- quency difference, after tuning, was 7.6 parts in 1033, It is believed that

the resetability of the tuner of one of the masers was the limitation in this

experiment.

i % This work is supported by the National Aeronautics and Space Adminis- '

tration under contract number NAS 8-2604,

1 Dpaniel Kleppner, H. Mark Goldenberg and Norman F. Ramsey, Phys.
Rev., 126, 603, 1962.

# P. L. Bender, Phys. Rev. (to be published)

8 Stuart B. Crampton, Daniel Kleppner and Norman F. Ramsey, Phys.
Rev. Let. Vol. 11, No. 7, p 338.

* R. F. C. Vessot and H. E. Peters, I.R.E, Trans. on Inst. Vol. I-II‘
#3 and 4’ 183. 1962. o . l
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o ' Figure 1 Lo Varib.tion of the output frequency of the maser against

L,

the cavity tuning. The curves are numbered 1, 2, 3, 4

o ; ‘ ' “* . corresponding to beam source pressures of 0.075, 0,044, - -

v
1

LA .
- 0,03 and 0,02 mm of Hg. respectively.
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- Block diagram of the apparatus used for tuning hydrogen / |
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